The parameter E 2 is used in many spatial scaling studies to characterize the rate at which stimulus size must increase with eccentricity to achieve foveal levels of performance in detection and discrimination tasks. We examined whether the E 2 for an orientation discrimination task was dependent on the spatial frequency bandwidth of the stimulus used. Two methods were employed. In Experiments 1 and 2 stimuli were presented at a fixed high level of contrast across viewing conditions. In both experiments the E 2 s recovered for narrowband stimuli were larger than those recovered for broadband stimuli. In Experiment 3 we controlled for the potentially confounding effects of perceptual contrast by measuring orientation thresholds over a range of stimulus contrast levels. Only thresholds which had reached an asymptotic level, such that increases in stimulus contrast led to no further changes to thresholds, were included in the calculation of E 2 . We observed that E 2 s recovered in the latter condition were in the range of 1.29°-1.83°and similar for narrowband and broadband stimuli. We conclude that a failure to consider the role of perceptual contrast may result in inflated estimates of E 2 .
Introduction
Performance in many visual tasks depends upon visual field location and typically declines with increasing retinal eccentricity when a constant stimulus size is used. In many cases, visual performance can be equated in the central and peripheral field by a simple linear change in stimulus size which can be expressed by the function
where E 2 indicates the eccentricity (E) in degrees at which the size of a stimulus must be doubled, relative to the foveal standard, to achieve equivalent performance (Levi, Klein, & Aitsebaomo, 1984 . Therefore, the smaller the value of E 2 the more rapid the rate of decline in task performance with increasing retinal eccentricity. If peripheral and central performance can be equated by an appropriate size scaling then differences between central and peripheral vision can be considered to be quantitative rather than qualitative. Thus, implicit in the size scaling literature is the idea that a major limitation on peripheral performance is an eccentricity dependent change in tie spatial scale of the mechanisms required to perform the task at hand. The decline of performance with eccentricity has been shown to be task dependent, and a wide range of E 2 values has been reported (see Rovamo, M€ a akel€ a a, N€ a as€ a anen, & Whitaker, 1997, Table 1 ). In general, however, contrast sensitivity and grating resolution decline at a slower rate with retinal eccentricity than tasks requiring the assessment of relative position (Levi et al., 1985 ; Whitaker, M€ a akel€ a a, Rovamo, & Latham, 1992a) . Resolution tasks tend to produce E 2 s of three and greater whereas positional tasks elicit E 2 s of two or less. Resolution tasks are generally thought to reflect eccentricity dependent limitations that are retinal in origin whereas positional tasks are thought to have post-retinal origins (Levi et al., 1985) .
Although the task dependence of E 2 appears to be well established, we noted that the stimuli typically used for resolution and positional acuity tasks differ markedly with respect to spatial frequency content. The eccentricity dependence of resolution and contrast sensitivity has been examined using primarily narrowband stimuli (e.g., Koenderink, Bouman, Bueno de Mesquita, & Slappendel, 1978; Rovamo & Virsu, 1979; Swanson & Wilson, 1985) , whereas those examining positional acuity have used broadband stimuli almost exclusively (e.g., Klein & Levi, 1987; Rovamo et al., 1997; Whitaker et al., 1992a; Whitaker, Rovamo, MacVeigh, & M€ a akel€ a a, 1992b) . Therefore, the starting point for the present investigation is the following simple question: do so-called resolution and positional tasks produce their characteristically different E 2 s because of differences in the information necessary to solve the task or because of differences in the bandwidth of the stimuli? To put this question concretely, we could ask, does a particular positional task elicit the same or different E 2 s when broadband and narrowband stimuli are used?
We chose to investigate this issue using orientation discrimination because it is one of the classical positional or ''hyperacuity'' type tasks (Westheimer, 1982) . Moreover, orientation performance in the central versus peripheral visual field has been studied extensively using a number of procedures (M€ a akel€ a a, Paradiso & Carney, 1988; Scobey, 1982; Spinelli, Bazzeo, & Vicario, 1984; Vandenbussche, Vogels, & Orban, 1986; Westheimer, 1982) . M€ a akel€ a a et al. (1993) were the first to determine the decline in orientation discrimination performance with retinal eccentricity using a spatial scaling technique (e.g., Johnston, 1987; Johnston & Wright, 1986; Watson, 1987; Wright, 1987) that makes no prior assumptions concerning peripheral magnification factors. In the present study we used the spatial scaling method to examine peripheral versus central orientation discrimination using stimuli that differed with respect to spatial frequency bandwidth (broadband versus narrowband). Broadband stimuli were smoothed line segments and narrowband stimuli were created by filtering the broadband lines with isotropic, frequency selective filters. We used two types of scaling procedures. In Experiment 1 subjects were presented with fixed orientation differences and the probability of a correct discrimination was measured as a function of stimulus size and eccentricity (similar methods have been used by Barrett, Morrill, & Whitaker, 2000; Sally & Gurnsey, 2001; Saarinen, 1988; Saarinen, Rovamo, & Virsu, 1989) . In Experiments 2 and 3 orientation discrimination thresholds were measured as a function of stimulus size and eccentricity (M€ a akel€ a a et al., 1993) for both narrowband and broadband stimuli.
Experiment 1
2.1. Method 2.1.1. Subjects
Two subjects, NW and one of the authors (SS), participated in the experiment. NW had normal vision and SS was a fully corrected myope.
Apparatus
Stimuli were presented on a Power Mac 7100/80 computer equipped with a 17 in. colour monitor having pixel resolution of 1024 Â 768. Pixel width was 0.27 mm and the refresh rate was 75 Hz. The monitorÕs colour lookup table (CLUT) was calibrated to be linear using a Minolta CS-100 photometer.
Stimuli
Stimuli were created using MATLAB (Mathworks Ltd.) and the experiments were run in Pixx (VPixx Technologies Inc.). Stimuli were narrowband and broadband line patterns which were tilted either clockwise or counterclockwise (AE1.5°) from vertical (see Fig.  1 ). The broadband stimulus was a half-cycle cosine (having a wavelength of 10 pixels) modulated by a Gaussian having a standard deviation (r G ) of 15 pixels. We define nominal line length as including AE3.5r G , or 105 pixels. The narrowband stimulus was created by convolving the broadband stimulus with an isotropic r 2 G filter (Marr & Hildreth, 1980) 
where r is the standard deviation of the Gaussian and r is the distance from the centre of the window. This filter has a bandwidth at half-power of approximately 1.25 octaves (Marr & Hildreth, 1980) . A r 2 G filter with a standard deviation r will be most sensitive to a spatial frequency, f given by f ðrÞ ¼ 1=ð2 0:5 prÞ ð 3Þ
For a line length of 3.20°(i.e., a nominal line length of 105 pixels viewed at 50 cm) r was 0.034°, corresponding to a peak frequency of 6.6 cycles per degree (see Eq. (3)).
The standard deviation of the filter was proportional to the length of the line such that decreasing the size of the line by a factor of two doubled the peak frequency of the filter. The broadband and narrowband stimuli were equated for luminance range from the background to peak luminance. The background and peak screen luminances for both stimuli were 11.9 and 52.4 cd/m 2 respectively. The minimal screen luminance was the same as the background luminance for the broadband stimulus and 3.62 cd/m 2 for narrowband stimulus. Michelson contrasts for broadband and narrowband stimuli were 0.63 and 0.87 respectively.
Procedure
Stimuli were presented at 0°, 1°, 2°, 4°, 6°and 8°in the right visual field at line lengths ranging from 3.2°to 0.30°for the broadband stimuli and 3.2°to 0.53°for the narrowband stimuli. Stimulus sizes were manipulated by varying viewing distances. For the broadband stimuli these distances were 50, 100, 200, 400 and 533 cm and for the narrowband stimuli they were and 50, 100, 200, 250 and 300 cm. Stimuli were always positioned in the centre of the screen and eccentricity of presentation was controlled by moving a small green fixation dot (6 pixels in diameter) to the left of the screen centre by an appropriate distance. The fixation dot was present for all eccentricities. A red light emitting diode (LED) served as a fixation dot at eccentricities greater than half the screen width.
The task was a single interval forced choice. A stimulus appeared for 75 ms and subjects reported whether it was tilted to the left or right of vertical using an appropriate key on the keyboard. Subjects pressed a key to initiate each trial. No feedback was given. A block consisted of 50 trials presented at each viewing distance and eccentricity. At one viewing distance, eccentricities were tested in the order of 0°-8°. All eccentricities were tested at a particular viewing distance before moving to the next. The order in which viewing distances were tested was random.
Results
The probability of a correct detection was calculated for each combination of line length and eccentricity. As expected, at all eccentricities performance improved as line length increased. The raw data for the two subjects are summarized in Fig. 2 . For data obtained with the broadband stimuli (top graphs) the functions at each eccentricity show a fairly gradual decline with decreasing line length. By contrast, functions for the narrowband stimuli (bottom graphs) tend to show a sharper drop with decreasing line length.
To determine E 2 in each condition, we assumed that accuracy (P corr ) versus line length (size) functions at fixation could be described by functions of the form P corr ðxÞ ¼ 0:5 þ 0:5G l;r ðxÞ ð 4Þ
where
is a cumulative Gaussian on a log axis, having a mean of l and a spread of r. The mean (l) of the function corresponds to the 75% probability of a correct detection. Linear scaling theory holds that the data collected at each eccentricity should conform to psychometric functions that differ only in terms of a shift along the log size axis. That is, data at all eccentricities should collapse onto the same function by scaling the sizes (x) of all stimuli at each eccentricity (E) by an appropriate scaling factor:
where F ¼ 1 þ E=E 2 as given in Eq.
(1). The entire data set was fit by finding the parameters for l, r and E 2 that minimized the deviation of the parametric curve from the scaled data. Our measure of deviation was the RMS error defined as
n is the number of data points, Y i is a measured data point and Y iðestÞ is the value predicted by the parametric function. We express the goodness of the fit as G ¼ 1 À e rms (Melmoth, Kukkonen, M€ a akel€ a a, & Rovamo, 2000b) . The data were fit using the error minimization routine provided in MATLAB (Mathworks Ltd.); this routine (fmins) uses the Nelder-Mead simplex (direct search) method. Numerical solutions found in this way may represent local rather than global minima. Therefore, we ran the minimization routine 20 times for each fit, each run starting from a different randomly chosen initial condition, and we report the best fits obtained. Fig. 3 shows the data from all eccentricities plotted as a function of scaled line length. The solid line shows the best-fitting psychometric function defined by Eq. (4).
The fits are very good over all with goodness of fit values (G) of 0.93-0.95. For the broadband stimuli the average E 2 was 1.48°(1.34°and 1.62°for SS and NW respectively) and for the narrowband stimuli the average E 2 was 3.12°(3.73°and 2.50°for SS and NW respectively). The E 2 s found using broadband stimuli are in line with the small E 2 s often recovered in other positional acuity tasks such as orientation discrimination E 2 ¼ 1:95°( M€ a akel€ a a et al., 1993), vernier acuity E 2 % 0:77° (Beard, Levi, & Klein, 1997; Levi et al., 1985) , E 2 ¼ 1:06°-1:96° ( Whitaker et al., 1992b) and curvature detection and discrimination E 2 ¼ 1:42°-2:27°(Whitaker, Latham, M€ a akel€ a a, . The E 2 values (3.73°and 2.50°) obtained for the narrowband stimuli were larger than these estimates, and were more in accord with the E 2 s associated with grating resolution tasks (Rovamo & Virsu, 1979; Swanson & Wilson, 1985) .
In summary, for both subjects narrowband stimuli elicited larger E 2 s than broadband stimuli. This result is consistent with our observation that, in general, large E 2 s arise from narrowband stimuli and small E 2 s arise from broadband stimuli. That is, the data suggest the possibility that it is not so much that task but the stimuli that determine the size of the recovered E 2 .
Experiment 2
The classic spatial scaling study of orientation discrimination was performed by M€ a akel€ a a et al. (1993) . Their task differed from our first experiment in a number of respects. Specifically, they measured orientation discrimination thresholds as a function of stimulus size and eccentricity then determined the E 2 that collapsed the threshold versus size functions obtained at each eccentricity onto a single function. Experiment 2 was conducted to replicate most of the conditions of the M€ a akel€ a a et al. study and to examine the bandwidth manipulation in this context. The main question is whether the bandwidth manipulation would have the same effect in the M€ a akel€ a a et al. paradigm is it did in our first experiment.
Method

Subjects
Two subjects, including one of the authors (SS) participated in Experiment 2. SS and SM were fully corrected myopes and each wore their respective distance correction. Viewing was monocular with the dominant eye (left for both subjects).
Apparatus
Stimulus images were generated using a Power Mac G4 computer and presented on 21-in. Sony Trinitron CRT colour monitor having pixel resolution of 
1600 Â 1200. Pixel width was 0.233 mm and the frame refresh rate was 85 Hz. The luminance response of the display was linearized using the gamma correction software available in the VideoToolbox (Pelli, 1997) and absolute luminance levels were determined with a Minolta CS-100 photometer.
Stimuli
Stimuli were created and the experiments were run in the MATLAB (Mathworks Ltd.) programming environment using functions in the Psychtoolbox (Brainard, 1997) that provide high level access to the routines of the VideoToolbox (Pelli, 1997) . Stimuli were again narrowband and broadband line patterns (see Fig. 4 ). The broadband stimulus had a Gaussian cross section (with a spread of r G ) along its minor axis and its nominal width (AE2r G ) was 11% of its length. (The stimulus dimensions were selected to be similar to those used by M€ a akel€ a a et al., 1993.) The narrowband stimulus was created by convolving the broadband stimulus with a r 2 G filter. For a line length of 3°, for example, the standard deviation (r) of the filter was 0.062°, corresponding to a peak frequency of 3.67 cycles per degree (see Eq. (3)). The standard deviation of the filter was proportional to the length of the line such that the peak frequency of the filter decreased by a factor of two with each doubling of stimulus size. Bandwidth at half-power was approximately 1.25 octaves. The parameters of the filter were chosen somewhat arbitrarily; the qualitative constraint was that the appearance for the stimulus should not be altered dramatically by filtering.
All stimuli were presented against a background luminance of 26.1 cd/m 2 . The broadband stimulus had a peak luminance of 79.8 cd/m 2 , whereas the narrowband stimulus had luminance values ranging from 68.4 to 15.9 cd/m 2 . Therefore the broadband and narrowband stimuli were approximately equated for luminance range and had Michelson contrasts of 0.51 and 0.62 respectively.
Procedure
Orientation thresholds were measured over a range of sizes at 0°, 2.5°, 5°, 10°and 15°in the right visual field (temporal retina). Stimulus sizes ranging from 3°to 0.375°were manipulated by varying viewing distances. These distances were 50, 100, 200 and 400 cm. The smallest stimulus size (0.1875°) was achieved by decreasing stimulus extent by a factor of two (112-56 pixels; i.e., 2.6-1.3 mm) at the furthest viewing distance. The largest stimulus sizes were created by changing pixel resolution to 800 Â 600 and increasing the number of pixels composing the stimulus. This produced a maximal size of 15.6 mm (18°when viewed from 50 cm). Stimulus sizes larger than 12°were not tested for the narrowband stimulus because the convolution prohibited the generation of very large displays in real time. The experiment was conducted in a dimly lit room and the horizontal stimulus location was jittered by 5% of the stimulus size from trial to trial.
A trial consisted of the sequential presentation of two line stimuli. Each pattern was presented for 200 ms separated by an inter-stimulus interval of 300 ms. One of the lines was vertical and the other was tilted counterclockwise. The subjectÕs task was to report via the mouse which interval contained the tilted stimulus, i.e., a twointerval forced choice (2IFC).
Thresholds were obtained using an adaptive procedure (QUEST, Pelli, 1987; Watson & Pelli, 1983) which assumes an underlying Weibull function. The 82% correct detection level was taken as threshold. Auditory feedback was provided after each response. To avoid fatigue the data were collected in a large number of sessions lasting approximately 25 min each. All threshold estimates resulted from approximately 75 trials and the final threshold represents the mean of 2-4 estimates. The subjects received extensive practice with the task before data collection began.
Results
Fig . 5 shows orientation discrimination thresholds plotted against line length for each of the five eccentricities. At each eccentricity thresholds show an initial rapid decrease followed by a more gradual change, and finally reach a plateau at long line lengths. Thresholds appear to approach the same minimal value across eccentricities and do not appear to differ substantially for broadband and narrowband stimuli. Minimum average orientation thresholds were 0.56°for both the broadband and narrowband stimuli for subject SS and were 0.55°and 0.53°for subject SM.
Following M€ a akel€ a a et al. (1993) the orientation threshold versus line length data at all eccentricities were assumed to be well described by the function
where h is the orientation threshold, h min refers to the smallest discriminable orientation difference, L crit refers to the critical line length marking the transition between the decreasing and constant parts of Eq. (8), n determines the slope of the line and x refers to scaled line length. According to linear scaling theory, thresholds at all eccentricities should fall onto a single curve when line length is scaled (divided by) by an appropriate constant; i.e., F ¼ 1 þ E=E 2 . The entire data set was fit by finding parameters for h min , L crit , n and E 2 that minimize the deviation of the data from the parametric curve. The data fitting method used here was exactly as in Experiment 1 except that the error measure was defined as in Eq. (9), which, according to Melmoth et al. (2000b) is appropriate when the data are expressed on a logarithmic scale (e.g., Fig. 5 ).
Scaled line length data for broadband and narrowband stimuli for the two subjects are shown in Fig. 6 with best-fitting functions indicated as solid curves. Goodness of fits values were G ¼ 0:95 for broadband stimuli (both subjects) and G ¼ 0:93 and 0.94 for narrowband stimuli. For the broadband stimuli the average E 2 was 2.36°(2.08°and 2.64°for SS and SM respectively). These values of E 2 are close to those reported by M€ a akel€ a a et al. (1993) using similar broadband stimuli (E 2 ¼ 1:95°). The average E 2 recovered using the narrowband stimuli was 3.2°(3.25°and 3.15°for SS and SM respectively). We note that E 2 s were on average 36% larger for the narrowband than the broadband stimuli (56% larger for SS and 19% larger for SM).
Experiments 1 and 2 show that E 2 s recovered for broadband stimuli are smaller than those for narrowband stimuli. We note that the same pattern of results has been found in several other experiments. For two subjects (SS and CP) tested binocularly under the conditions of Experiment 2 we found average E 2 s of 2.21°a nd 3.20°for broadband and narrowband stimuli respectively (Sally & Gurnsey, 2000) . In a symmetry detection experiment (similar in design to Experiment 1), average E 2 s for three subjects were 2.23°and 3.68°for broadband and narrowband stimuli respectively (Sally & Gurnsey, 1999) . Therefore, these results are consistent with our observation that stimulus characteristics rather than task demands per se may determine the recovered E 2 .
Why do narrowband and broadband stimuli produce their characteristically different E 2 s? There is an interesting pattern in the results of Experiments 1 and 2 that might suggest an uncontrolled performance limitation that inflates the E 2 s associated with narrowband stimuli. If one considers the bottom two panels of Fig. 2 [SS(NB) and NW(NB)] it is clear that the shift required to align the data at low performance levels is less than the shift required to align that data at higher performance levels. This means that if E 2 s are calculated at low performance levels they should be larger than those calculated at high performance levels; the results of these an subsequent calculations are shown in Endnote 1. A similar analysis may be conducted on the results of Experiment 2. In this case low performance is associated with large orientation thresholds and high performance with small orientation thresholds. For subject SS(NB) [but not for SM(NB)] a greater shift is required to align the high performance parts of the curves than the low performance parts. A similar pattern was found by Sally and Gurnsey (2000) in the data of subjects SS and CP. Thus in five of six cases stimuli producing poor foveal performance elicit larger E 2 s than those producing good foveal performance. Put differently, E 2 appears to depend on the size of the foveal stimulus that serves as the standard, against which peripherally presented stimuli are size scaled to match for elicited performance.
It is likely that reducing the size of narrowband stimuli reduces the stimulus contrast transferred through the visual system. (As one would expect, contrast thresholds for detection of these stimuli increase with reductions in stimulus size.) We speculate that very small narrowband stimuli elicit lower perceptual contrast than large narrowband stimuli. Reductions in perceptual contrast are likely to have the same effect as reductions in physical contrast; viz., reduced accuracy and increased orientation discrimination thresholds (Reisbeck & Gegenfurtner, 1998; Webster, DeValois, & Switkes, 1990; Westheimer, Brincat, & Wehrhahn, 1999 ). At small stimulus sizes then there may be two limits on performance; viz., a mismatch between the size of the stimulus and smallest mechanism available to encode it, and sub-optimal perceptual contrast. It is possible that for relatively large stimuli perceptual contrast does not play a role in limiting performance. This idea is consistent with the finding that orientation discrimination thresholds become asymptotically low at high contrasts (Webster et al., 1990) . Thus, the relative contribution of different factors to orientation discrimination thresholds may change as a function of stimulus size leading to our observed size--or performance--dependent E 2 s. The excellent fits achieved by a single shift (as in Figs. 3 and 6 ) may disguise multiple eccentricity dependent limitations in the data.
In the foregoing discussion we considered narrowband stimuli only. However, the same analysis may be applied to broadband stimuli. For all broadband stimuli in Experiments 1 and 2 the shifts required at low performance levels are less than the shifts required at high performance levels. However, this effect was not found by Sally and Gurnsey (2000) for broadband stimuli in subjects SS and CP. Furthermore, the effect was arguably present in only one of the three subjects in the M€ a akel€ a a et al. (1993) study. Thus, in only four of the nine cases just mentioned E 2 was larger for small stimuli than for large stimuli.
These results suggest that perceived contrast may vary with stimulus size and in some cases inflate E 2 . Such inflation would seem more likely to occur when stimulus contrast is close to detection threshold. This might explain why the broadband stimuli in Experiments 1 and 2 elicit the effect whereas it is not found in the results of M€ a akel€ a a et al. (1993) ; their Methods section suggests that stimuli were presented at much higher contrasts than ours.
1 In any case, there is reason to believe that performance may be limited by sub-optimal perceptual contrast in addition to a mismatch between the size of the stimulus and smallest mechanism available to encode it. If this is the case then effects of perceptual contrast should be controlled when comparing the size scaling required for broadband and narrowband stimuli. If uncontrolled differences in perceptual contrast are responsible for the characteristically different E 2 s found for broadband and narrowband stimuli in Experiments 1 and 2 then controlling for effects of perceptual contrast should reduce this difference.
Experiment 3
The subjects, apparatus, data collection, stimulus displays and viewing conditions were identical to those used in Experiment 2. Experiment 3 differed from Experiment 2 only in that orientation thresholds had to have reached a saturation or asymptotic level with increases in stimulus contrast to be used in the calculation of E 2 .
Method
Stimulus sizes/viewing distances were selected in pilot experiments as follows. Orientation discrimination thresholds were measured for a range of stimulus sizes at stimulus contrasts that were usually 50-100% of the 1 We have no explanation for why this effect should have been shown for SS under conditions of monocular testing but not under conditions of binocular testing. It may be that the effect is more tenuous for the broadband stimuli. maximum available contrast. Orientation thresholds had to remain constant from at least 75-100% of the maximum contrast for the data points to be used in the calculation of E 2 . Two thresholds were measured at 50%, 75%, 85% and 100% of the highest available contrast. Average orientation thresholds consisted of three or four measurements of threshold taken at maximal contrast levels. The resulting stimulus sizes were 18°-0.25°for the broadband stimulus and 12°-0.375°for the narrowband stimulus. Fig. 7 shows orientation discrimination thresholds as a function of line length for each of the five eccentricities. Similar to Experiment 1, orientation thresholds decreased with increasing line length and minimum thresholds were fairly similar across eccentricities. Minimum average orientation thresholds were similar for the two types of stimuli (0.60°and 0.52°for the broadband and narrowband stimuli respectively for subject SS and 0.76°and 0.80°degrees for subject SM). The requirement that orientation thresholds remain constant with changes in stimulus contrast effectively eliminated the smallest stimulus sizes at each eccentricity and reduced the largest orientation thresholds.
Results
We calculated E 2 using the same fitting equation and procedure employed in Experiment 2. The scaled data are shown in Fig. 8 . Goodness of fit values ranged from 0.95 to 0.97. For the broadband stimuli the average E 2 was 1.38°(1.29°and 1.47°for SS and SM respectively) and for the narrowband stimuli the average E 2 was 1.64°( 1.44°and 1.83°for SS and SM respectively). Interestingly, the observed performance level dependent E 2 s were found in three of the four conditions. In other words, controlling for perceptual contrast did not completely eliminate the performance level dependent E 2 effect; see Endnote 2. Note, however, that E 2 s recovered for all performance levels were generally less than 2 over all (1.46°on average) consistent with the results of M€ a akel€ a a et al. (1993) .
The results of Experiments 2 and 3 were submitted to a 2 (Experiments) by 2 (bandwidths) analysis of variance with E 2 as the dependent variable. The analysis revealed a main effect of experiment indicating that E 2 s in Experiment 3 were significantly smaller than those of Experiment 2 [F ð1; 1Þ ¼ 67 081, p < 0:005], as predicted. The effect of bandwidth was not significant at the 0.05 level [F ð1; 1Þ ¼ 19:5, p > 0:14] . We expected that E 2 would vary as a function of bandwidth in Experiment 2 but less so, or not at all in Experiment 3, and thus predicted a significant experiment by bandwidth interaction. This trend is clearly evident in the data for the two subjects but is not statistically significant [F ð1; 1Þ ¼ 19:5, p > 0:37] . However, we note the low power of our statistical test. 
General discussion
Experiments 1 and 2 showed that E 2 s for broadband stimuli were greater than for narrowband stimuli. When effects of perceptual contrast on orientation discrimination thresholds were controlled in Experiment 3 the difference between the broadband and narrowband conditions was greatly attenuated. This result is consistent with the idea that it is ''possible to equate foveal and peripheral performance by spatial scaling for certain tasks as long as contrast is high'' (M€ a akel€ a a, N€ a as€ a anen, Rovamo, & Melmoth, 2001, p. 600) .
M€ a akel€ a a et al. (2001) (see also Melmoth, Kukkonen, M€ a akel€ a a, & Rovamo, 2000a & Rovamo, , 2000b Strasburger, Rentschler, & Harvey, 1994) have argued that size scaling may be insufficient to explain all eccentricity dependent variance when stimulus contrast is low. M€ a akel€ a a et al. performed a face discrimination task in which they measured contrast sensitivity as a function of stimulus size [i.e., contrast sensitivity functions (CSFs)] at a range of eccentricities. Classically, the shift along the size axis (horizontal shift) necessary to collapse the CSFs obtained at each eccentricity on to a single function specifies E 2 . In many cases, however, the CSFs were found to asymptote at different maximal sensitivities; often peak sensitivity drops with eccentricity. In such a situation a single shift is insufficient to collapse all CSFs onto a single curve. To do so requires both a horizontal shift (representing the size scaling associated with the task) and a vertical shift (representing the contrast scaling associated with the task). When the CSFs were aligned with only a horizontal shift, relatively large shifts (E 2 s of 1.43°and 1.87°for two subjects) were needed (and a substantial amount of variability in the data remained unexplained). When the horizontal shift was accompanied by a vertical shift then smaller horizontal shifts (E 2 s 2.73°and 3.19°for two subjects) were required to align the curves.
Our results and those of M€ a akel€ a a et al. (2001) indicate that a failure to control for perceptual contrast can result in erroneous estimates of E 2 . Yet the direction (smaller or larger) of this difference appears depend upon the level of contrast at which discrimination performance is evaluated. This raises a question about the size of E 2 s that might be recovered in an orientation discrimination task using the method described by Melmoth et al. (2000a Melmoth et al. ( , 2000b and M€ a akel€ a a et al. (2001) . Sally, Gurnsey, and Poirier (2002) performed just such a study using broadband stimuli identical in structure to those shown in the left panel of Fig. 4 . One stimulus was vertical and the other was tilted 1.5°c ounterclockwise. A two-interval forced-choice procedure was used in which subjects were to report the interval containing the tilted stimulus. We determined the contrast required to make this discrimination at a range of stimulus sizes and eccentricities. We simultaneously solved for the size and contrast scaling necessary to collapse the CSFs onto a single parametric curve. Size scaling E 2 s for the two subjects of Experiment 3 were 4.51°and 5.69°for SS and SM respectively. The contrast scaling E 2 s were 25.86°and 10.10°respectively. Even when contrast was not scaled our E 2 s were quite large (3.51°and 3.12°for SS and SM respectively).
Our original observation was that broadband and narrowband stimuli tend to be associated with different E 2 s and these different E 2 s were thought to reflect different kinds of eccentricity dependent changes in visual processing. The results of the present study combined with those Sally et al. (2002) , suggest that it is not the difference in bandwidth per se that produced the characteristically different E 2 s in previous studies. Rather, the difference seems to result from the fact that narrowband stimuli are typically employed at threshold level contrasts, whereas broadband stimuli are most often employed at contrasts that are vastly greater than threshold. It may be that higher level cortical limitations are only revealed when perceptual contrast is sufficiently high.
We conclude that large E 2 s will be recovered when orientation sensitivity is measured at contrasts close to detection threshold and small E 2 s will be recovered when orientation sensitivity is measured well above contrast detection threshold. This result is consistent with our analysis of E 2 as a function of performance level. It is interesting to note that recent psychophysical (Mareschal, Henrie, & Shapley, 2002) and physiological (Kapadia, Westheimer, & Gilbert, 1999; Sceniak, Ringach, Hawken, & Shapley, 1999) data suggest that cortical receptive field sizes change as a function of stimulus contrast. If this increase is relatively greater at the fovea than in the periphery, this may explain why large E 2 s are recovered for low contrast stimuli.
When perceptual contrast was controlled in Experiment 3, E 2 s associated with orientation discrimination are all less than 2 (Fig. 8) . Therefore, our results are generally consistent with those of M€ a akel€ a a et al. (1993) . As mentioned, their stimuli appear to have been of higher contrast than those used in Experiments 2 and 3. This may explain why their data do not show then same performance level dependent E 2 s that we found in Experiment 2. The fact that three of the four panels of Fig.  7 show that the slopes of the threshold by size functions change as a function of eccentricity is intriguing. These changes cannot be attributed to uncontrolled differences in perceptual contrast. Should such results be found consistently, it would mean that the form of the psychometric function changes at each eccentricity indicating that a single scaling factor is insufficient to account for all eccentricity dependent variability in the data. Adaptations of the methods of Poirier and Gurnsey (2002) or Melmoth et al. (2000a Melmoth et al. ( , 2000b could be employed to test multiple limitations at high stimulus contrasts.
Endnote 1. The numerical results of the computations described in the text are provided in this footnote. For each experiment we indicate the subject and condition, and the low and high performance levels tested in brackets [e.g., SubjCond(low, high)]. Following this are the respective E 2 s and their ratio (in bold).
Experiment 1
